In diffusion-weighted magnetic resonance ima ging (DWI), the observed MRI signal intensity is attenuated by the self-diffusion of water mo lecules. DWI can provide information about the microscopic structure and organization of biolo gical tissue and, thus, can depict various patholo gical changes of organs or tissues. DWI has been successfully used for the characterization of bone marrow alterations or lesions, and in particular for the differentiation of benign and malignant vertebral compression fractures. In this review article, the basics of diffusion-weighted magnetic resonance imaging are introduced and several pulse sequences, which have been used for DWI of the bone marrow, are described. Sub sequently, an extensive overview about diffusion studies of the bone marrow and in particular of DWI of vertebral compression fractures is given.
Introduction
Diffusion-weighted magnetic resonance imaging (DWI) is an established magnetic resonance ima ging (MRI) technique, in which the MRI signal in tensity is influenced by the self-diffusion, i.e., the stochastic Brownian motion of water molecules. DWI can provide information about the microscopic structure and organization of biological tissue and, thus, can depict various pathological changes of or gans or tissues. It has been thoroughly evaluated for a multitude of neurological pathologies 1 such as brain tumors 2 , abscesses 3 , or white-matter dis eases 4 , and in particular for the early detection of cerebral ischemia 5, 6 , which can be considered the most important application of clinical DWI.
Significantly fewer studies have been pub lished about DWI outside the brain, mainly because of the limited image quality and the relatively low robustness of conventional DWI methods in nonneurological applications. This situation, however, improved in recent years due to better hardware and new pulse sequences, and several new applica tions of DWI have been described. Many of these are focused on oncological imaging, e.g. of the liver 7, 8 or kidneys 9, 10 or of soft-tissue tumors 11, 12 . Very re cently, even whole-body DWI was proposed to im prove the detection of malignancies 13, 14 .
Since the late 1990s, DWI has also been suc cessfully used for the detection and characteriza tion of bone-marrow alterations. The most import ant clinical application of DWI in bone marrow is the differentiation of benign (e.g. osteoporotic or traumatic) and malignant vertebral compression fractures [15] [16] [17] . Unfortunately, DWI of the bone mar row is complicated by the fact that significant vari ations of susceptibility occur in the anatomical neighborhood of bone structures resulting in severe distortion artifacts when standard echoplanar DWI techniques are applied. Hence, several alternative diffusion-weighting pulse sequences were proposed and evaluated for DWI of the bone marrow 18 as described below.
In this review article, we will first introduce the basics of diffusion-weighted MRI and then describe several specific MRI techniques, which have been used for DWI of bone marrow. Subsequently, we will give an extensive overview about diffusion studies of the bone marrow and in particular of ver tebral compression fractures.
Basics
DWI is a magnetic resonance (MR) technique that is sensitive to the Brownian molecular motion of spins. Already in 1950, Erwin Hahn described that the presence of a magnetic field gradient during a spin-echo experiment results in a signal attenuation due to the diffusive motion of the spins 19 . An im proved strategy to quantify the diffusion coefficient in a magnetic resonance experiment was proposed in 1965 by Stejskal and Tanner 20 . In their experi ment, a pair of additional gradient pulses is inser ted into a pulse sequence, the so-called StejskalTanner diffusion gradients.
The effect of these diffusion gradients is to at tenuate the transversal magnetization, i.e., the re ceived MR signal intensity, depending on the ex tent of molecular motion as illustrated in Fig. 1 . The first diffusion gradient dephases the spins, i.e., the spins are prepared with a spatially varying addition al phase angle. In the case of stationary spins, the additional phase angle is exactly reverted by the second diffusion gradient, resulting in the same transversal magnetization after the second gradient as without diffusion sensitizing. If, however, the spins move stochastically between the two diffusion gradients, then each single spin experiences a dif ferent magnetic field at the time of the second gradient pulse than during dephasing. Con sequently, the second gradient does not fully revert the dephasing and a certain, stochastically distrib uted phase angle remains. This random distribution of phase angles is observed as signal attenuation, which is, thus, a measure of molecular diffusion.
The diffusion of molecules in a liquid or gas is physically described by the diffusion coefficient, D. The diffusion coefficient is frequently given in units of mm²/s and describes the mean displacement, d, of molecules during a time, τ (usually referred to as diffusion time):
The diffusion coefficient of pure water at room tem perature, for instance, is approximately s / mm 10 2
, resulting in a mean displacement of about 25 µm in 50 ms. As explained above, the attenuation of the magnetic resonance signal, i.e. the ratio of the measured signal, S (D, b) , and the original signal without diffusion gradients, S0, de pends on the diffusion coefficient, D, and on the properties of the diffusion gradients, which are summarized within the so-called diffusion weight ing, b, or b-value of the pulse sequence:
. The b-value of the sequence can be calculated from the properties of the diffusion gradients shown in Fig. 1, i .e. from their amplitude, gD, their duration, δ, and the interval between their onsets, Δ:
where γ is the gyromagnetic ratio of the diffusing spins. The b-value is expressed in units of s/mm²; typical values for DWI range from 50 to 1500 s/mm².
The b-value of a pulse sequence plays the same role in DWI as the echo time in T2-weighted MRI: Higher diffusion weightings increase the con trast between tissues with different diffusion coeffi cients, but at the same time decrease the overall signal intensity. Hence, the choice of the optimal diffusion weighting is always a compromise between diffusion contrast on the one hand and the signal-to-noise ratio (SNR) on the other hand 21 . In addition, long echo times are required for high dif fusion weightings due to the long diffusion gradient pulses and, thus, the SNR of the diffusion-weighted images is further decreased.
Another general problem of DWI is the very high motion sensitivity of diffusion-sensitized pulse sequences 22, 23 . Since the diffusion gradients are in serted in order to depict stochastic molecular mo tions in the range of some 10 micrometers, DWI be comes very sensitive to any macroscopic patient motions as well. Several different approaches were suggested in order to increase the robustness of DWI techniques as described in the following sec tion.
In applications of DWI in vivo, the most import ant diffusing molecule is water. Generally, water diffusion in tissue is influenced by the properties of the cells, in particular by the cell size and their geo metric structure. Typical diffusion coefficients of water measured in vivo are in the range between 0.3 and 3×10 -3 mm²/s. The diffusion coefficient is decreased compared to free water diffusion due to the presence of cell membranes, cell organelles, or large macromolecules, which restrict and hinder the molecular motion. The actually measured diffu sion coefficient in vivo is therefore called "apparent diffusion coefficient" (ADC). . If the spins are stationary (no diffusion), the second diffusion gradient with opposite sign exactly rephases the spins. In the case of diffusing spins, however, rephasing is incomplete since the spins have moved between the first and the second diffusion gradient; thus, a diffusion-dependent signal attenuation is observed as illustrated by the "sum" arrows.
By applying diffusion gradients in a single spa tial direction as illustrated in Fig. 1 , only diffusional motion parallel to this direction is detected. While this experiment is sufficient to measure the diffu sion properties in e.g. isotropic liquids, the situ ation in tissue can be much more complex. In par ticular in highly anisotropic tissues such as nerve or muscle fibers, diffusion will be higher parallel to the fiber direction than perpendicular to it. In this case, diffusion is not longer described by a single diffusion coefficient but by the diffusion tensor, which can be represented by a matrix containing 6 independent values 24, 25 . To measure the diffusion tensor, several diffusion measurements (at least 6 corresponding to the number of independent mat rix components) are required that can be obtained by applying diffusion gradients in different spatial directions 26 .
Techniques
Diffusion-sensitizing gradients can be inserted in many different types of pulse sequences. Historic ally, DWI was first performed with stimulated-echo and spin-echo pulse sequences ( Fig. 2a and 2b ) [27] [28] [29] . These pulse sequences, however, require very long acquisition times, and, thus, are very prone to mo tion artifacts. Although different strategies were proposed to reduce their motion sensitivity such as navigator-echo motion correction [30] [31] [32] , radial kspace sampling 33, 34 , or line-scan-imaging tech niques 35 they are generally not applied in clinical routine applications today. The most important pulse sequence for DWI in general is the single-shot spin-echo echo-planar imaging (EPI) sequence (Fig. 2c ) 36 . Because of the very fast readout of the complete image data within about 100 ms, this sequence is relatively insensitive to macroscopic motion. In the presence of suscept ibility variations, however, echo-planar images fre quently suffer from gross geometrical image distor tions due to the long gradient-echo train. This property of EPI is a severe limitation for the applic ation outside the brain where structures or organs of interest are frequently found in the direct neigh borhood of air-filled spaces or bone-soft-tissue bor ders with substantially different susceptibilities. A second disadvantage of single-shot EPI is the relat ively low spatial resolution achievable with this ap proach. The single-shot readout typically limits the spatial resolution to matrix sizes of 128×128. Only relative recent innovations in hardware and acquisi tion techniques substantially improved the suitabil ity of EPI for non-neuroradiological DWI. Improved gradient systems with reduced eddy-current effects and particularly the application of parallel imaging techniques can reduce geometric distortions and, at the same time, increase the spatial resolution of single-shot EPI acquisitions 37 .
A second approach to reduce artifacts and to increase the spatial resolution of EPI acquisitions is a segmented (or multi-shot) echo-planar readout. By shortening the echo train length, the segmented EPI sequence becomes less sensitive to susceptibil ity variations. However, the total acquisition time is increased and the robustness against motion arti facts is reduced.
An alternative to diffusion-weighted EPI ac quisitions are diffusion-weighted single-shot se quences based on the acquisition of spin-echo trains, i.e. single-shot fast-spin-echo or turbo-spinecho pulse sequences also known as "rapid acquisi tion with relaxation enhancement" (RARE) or "halfFourier-acquisition single-shot turbo-spin-echo" (HASTE) sequences (Fig. 2d) 
38
. Similarly to echoplanar sequences, these approaches are very fast (200-400 ms per image) and relatively insensitive to motion, but also limited in their spatial resolu tion. An advantage compared to EPI is the insensit ivity to susceptibility variations. However, inserting diffusion gradients into the spin-echo train destroys the originally equal spacing of refocusing RF pulses and, thus, can induce new image artifacts. Several approaches have been suggested to overcome this disadvantage, but most solutions also reduce the signal-to-noise ratio of the acquired images [38] [39] [40] ; thus, single-shot fast-spin-echo DWI frequently re quires the acquisition of multiple averages in order to obtain a sufficient SNR. As for EPI, parallel ima ging can be employed to increase the spatial resol ution that can be acquired with a single echo train and to reduce some image artifacts such as image blurring in phase-encoding direction.
Some remaining disadvantages of single-shot fast-spin-echo techniques can be overcome by seg menting the readout similarly as in segmented EPI acquisitions. A particularly promising approach is the recently proposed diffusion-weighted PRO PELLER (periodically rotated overlapping parallel lines with enhanced reconstruction) MRI se quence 41 or BLADE sequence. With this nonCartesian technique, k-space is covered by rotated rectangular strips that allow for a robust motion correction due to the oversampled center of kspace, which is included in every single echo train.
A very different approach for DWI (in particu lar of the spinal column) is the application of steady-state free-precession (SSFP) sequences (Fig. 2e) . The SSFP sequence type used for DWI is the diffusion-weighted contrast-enhanced Fourieracquired steady-state technique (CE-FAST) or PSIF sequence 42, 43 , where PSIF is the reversed version (with respect to both the acronym and the se quence timing) of the "fast imaging with steady precession" (FISP) sequence. In contrast to the oth er approaches described above, only a single (monopolar) diffusion gradient is inserted into each repetition time, TR, of the PSIF sequence (Fig. 2e shows two subsequent TRs) 44, 45 . Spins dephased by the diffusion-sensitizing gradients are rephased by a second diffusion gradient later in the sequence scheme, however, not necessarily by the immedi ately subsequent one. Thus, the diffusion time, τ, of the PSIF sequence cannot easily be determined, but depends on the relaxation times, T1 and T2, and on the sequence parameters, TE, TR, and the flip angle 46, 47 . Although this makes the exact quantifica tion of the ADC very difficult, diffusion-weighted images acquired by the PSIF sequence have been shown to be extremely valuable for the differential diagnosis of vertebral compression fractures [15] [16] [17] . The diffusion-weighted PSIF approach is relatively fast due to the short repetition times in the order of typically 20 to 30 ms. Consequently, the PSIF se quence is also relatively insensitive to the influence of bulk motion. Newer developments of SSFP DWI include the implementation of diffusion-weighted 3D sequences, which have been applied e.g. for DWI of the cartilage 48 .
Applications
As mentioned above, one of the most successful ap plications of diffusion-weighted imaging of the bone marrow is the differentiation of benign osteo porotic and malignant vertebral compression frac tures, which has first been demonstrated by Baur et al. in 1998 16 . In this study, the pathological differ entiation was based on the relative signal intensity of the affected vertebra in non-quantitative DWI with a diffusion-weighted SSFP sequence. Baur et al. demonstrated that benign osteoporotic fractures appear hypointense or isointense in SSFP-based DWI, while malignant fractures caused by bonemarrow tumors and metastases appear hyperin tense. Several similar studies of non-quantitative DWI of vertebral compression fractures are sum marized in Table 1 . The results of most of these studies are compatible with a general tendency to hypointensity in benign vertebral fractures and to hyperintensity in malignant fractures; image ex amples are shown in Figs. 3 and 4 . Typically, this signal behavior showed up more clearly with the diffusion-weighted SSFP approach than with altern ative pulse sequences such as single-shot EPI, single-shot FSE, or conventional spin-echo or stim ulated echo sequences (cf. Table 1 ).
Partially disagreeing results were reported by Castillo et al., who found a number of hypointense vertebral metastases in diffusion-weighted SSFP acquisitions 49 . These results may be explained by the fact that some patients with hypointense meta stases were treated with radiotherapy before ima ging and some other patients had sclerotic meta stases that appear hypointense due to their very low water content. Recently, Hackländer et al. noted that particularly vertebral metastases of pro state cancer show less signal than metastases of other tumors 50 . This result may also explain some of the hypointense signals observed by Castillo et al. An alternative to non-quantitative diffusionweighted SSFP imaging is the acquisition of diffu sion-weighted images at two or more b-values in order to calculate the apparent diffusion coefficient as a quantitative measure of diffusion. Several stud ies applied quantitative DWI to normal and patholo gical vertebral bone marrow as summarized in Table 2 . Although the displayed results exhibit a certain variability, there appear to be typical ADC ranges associated with normal and pathological vertebral bone marrow in the majority of these studies. Typical ADCs of normal vertebral bone marrow are relatively low between 0.2 and 0.5×10 The general variability of the reported ADCs can be explained by the different pulse sequences and different diffusion weightings used in these studies. The most important difference with respect to the applied pulse sequences is the use of fat sat uration, which is required for single-shot echoplanar imaging but is optional in combination with spin-echo or fast-spin-echo techniques. Since the ADC of vertebral fat is very close to zero, the calcu lated diffusion coefficients of normal bone marrow are systematically decreased when fat saturation is not applied. Typical values are in the range of 0.2 to 0.3×10 /s with fat saturation. Smaller differences are seen in lesions, since the relative fat content is much lower there than in normal bone marrow. The chosen range of b-values can also systematically in fluence the measured ADCs: at very low b-values, the diffusion effect is known to be overestimated due to the contribution of perfusion to the signal at tenuation 51, 52 , while the choice of relatively high bvalues greater than about 600 s/mm² may result in an underestimation due to signal intensities com parable to the noise level.
The pathophysiological background of the de scribed diffusion properties in vertebral bone mar row is not yet fully understood. Currently, the most probable hypothesis is that the molecular diffusion of water is substantially increased in osteoporotic fractures because of bone-marrow edema and the disruption of the trabecular structure. In malignant vertebral compression fractures, the diffusion is partially restricted due to the high cellularity of tu mor tissue 16 . In DWI without fat suppression, the ratio of the fat and water contributions to the sig nal, i.e., the presence of red and yellow bone mar row or of tumor tissue, plays an important role as well. In particular in SSFP imaging, the signal is also influenced by in-and opposed-phase effects of the fat and water component, which depend on the interval between signal excitation and readout. Fur ther studies are still required to understand the de tails of signal alterations in DWI of vertebral le sions.
Only very few studies examined DWI of the bone marrow outside of the vertebrae as listed in Table 3 . The number of these studies is too small to establish typical ADC ranges for normal or patholo gical bone marrow in the examined regions. Only recently, these studies were complemented by whole-body applications of DWI based on a tech nique called diffusion-weighted whole-body ima ging with background body-signal suppression (DWIBS) as suggested by Takahara et al. 13 The primary focus of these studies is the sensitive de piction of lesions rather than the quantification of their ADC. Although no ADCs were determined, it was demonstrated in several studies that wholebody DWI is very sensitive to bone-marrow lesions as well 14, 53, 54 .
Conclusions
Diffusion-weighted imaging of the bone mar row requires considerably more robust imaging techniques than typical neurological DWI applica tions. Several different techniques and measure ment parameters have been used for diffusion stud ies of bone marrow resulting in a relatively large variability of results. Although the optimization of the DWI technique is still a very active subject of research, the application of diffusion-weighted MRI in bone marrow is today an established examina tion technique that provides a unique contrast and that can help in the detection of bone-marrow pathologies and the differentiation of benign and malignant bone-marrow lesions. It has been applied particularly successful in DWI studies of vertebral lesions and of vertebral compression fractures. 
